We have sequenced 4 kb of the genomic region comprising the Adh (Alcohol dehydrogenase) gene of Drosophila subobscura. In agreement with other species which belong to the same subgenus, two structural genes, Adh and Adh-dup, are contained in this region. The main features of these two genes of D. subobscura have been inferred from the sequence data and compared with the homologous region of D. ambigua and D. pseudoobscura. Drosophila subobscura Adh and Adh-dup differ from those of D. ambigua at a corrected estimation of 10.1% and 12.5%, respectively, while from those of D. pseudoobscura they differ by 9.5% and 8.1%, respectively.
Introduction
Phylogenetic relationships in Drosophila have been the subject of much research to illustrate evolutionary trends, among species and to determine the dynamics of the different groups and subgroups. Genetic distances among species have been evaluated through the analysis of morphological, chromosomal, and biochemical traits. A wealth of information has been produced, and many phylogenetic relationships have thus been established.
The evolution of the obscura group of Drosophila has been thoroughly reviewed at morphological, cytological, and biochemical levels ( Buzzati-Traverso and Scossiroli 1955; Lakovaara and Saura 1982; Krimbas and Loukas 1984; Steinemann et al. 1984; Loukas et al. 1986; Hernhndez et al. 1988) , and electrophoretic comparisons have also been drawn for the different subgroups (Cabrera et al. 1983; Loukas et al. 1984 Loukas et al. , 1986 . Lately, relationships between species in the obscuru subgroup have been examined through the analysis of mitochondrial DNA (Latorre et al. 1988; Gonzhlez et al. 1990 ) and scDNA divergence (Goddard et al. 1990 ) .
Comparative analysis at the genomic DNA level of one species of the obscura subgroup, D. pseudoobscuru, has provided valuable information concerning evolutionary rates of individual genes (Schaeffer and Aquadro 1987) as well as on the relationships among the members of a multigene family (Brown et al. 1990 ). The I. Key words: Adh, Adh-dup, Drosophila subobscuru, gene evolution, nucleotide substitution rate, phylogenetic relationships.
Marfany and Gonzilez-Duarte
aim of the present study is to establish the evolutionary pattern of two genes contained in the A& genomic region of D. subobscuru and to make interspecific comparisons in the obscura subgroup: D. pseudoobscura (Schaeffer and Aquadro 1987) ) and D. ambigua .
Material and Methods

Fly Stock
The source of DNA was a stock of flies of Drosophila subobscura strain H27, with standard chromosomal arrangements, provided by R. de Frutos, Department of Genetics, University of Valencia, Spain.
Preparation of Genomic DNA and Construction of Libraries
Total genomic DNA was isolated using the guanidine isothyocyanate method initially described for RNA extraction (Chirgwin et al. 1979) , with minor modifications. High-molecular-weight total DNA was partially digested with MboI, then fractionated by sucrose gradient to obtain DNA fragments of 15-20 kb. The library was constructed by cloning this DNA into the BarnHI site of an EMBL4 phage vector. Between 150,000 and 200,000 recombinant plaques were screened for sequences homologous to the D. melanoguster Adh gene. A 2.7-kb HindIII-EcoRI restriction SAC 1 fragment (Goldberg 1980) containing the complete Adh gene and the immediately adjacent 3' region was used as a probe. It was labeled either by nick-translation or by random-hexamer priming with [a3*P] dCTP ( NEN-DuPont ) and hybridized to phage DNA on nitrocellulose filters ( Hybond-C, Amersham) in 46% formamide at 42°C overnight in the presence of 10% Na dextran sulfate. Nonspecifically hybridized probe was removed with one wash in 2 X SSC/O. 1% SDS at room temperature for 10 min, then two washes in 2 X SSC/O.l% SDS at 65°C for 10 min each, and finally two further washes in 1 X SSC/ O.l%SDSat65"Cfor lOmineach(1 XSSC=0.15MNaCl/O.O15Msodiumcitrate, pH 7.5). After the washings, filters were autoradiographed, and the DNA from positive recombinant phages was isolated according to the method of Maniatis et al. ( 1982, pp. 76-85 and 371-373) .
Restriction Analysis of Positive Clones
Positive clones were characterized by restriction mapping with the restriction enzymes BumHI, EcoRI, HindIII, PvuII, PstI, SalI, and XbaI (Boehringer Mannheim), by using single and double digests (Maniatis et al. 1982, pp. 354-376) . Adh was located on the restriction map by transferring digested and electrophoresed DNA to nitrocellulose membranes. Labeling of Adh probe, hybridization conditions, washes, and autoradiography were performed as for plaque hybridization.
Nucleotide Sequence Analysis
Clones for sequencing were obtained by restriction digestion with suitable enzymes. These restriction fragments were subcloned into Bluescript +KS, +SK phasmids (Stratagene). Several series of nested deletions were generated using the Henikoff ( 1984) method to sequence large regions. Sequencing was performed on either singleor double-stranded DNA by using suitable primers according to the dideoxy method of Sanger (Sanger et al. 1977) ) with ( CZ-~~S)~ATP (NEN-DuPont ) and modified T7 phage polymerase (Sequenase from USB or Sequencing Kit from Pharmacia-LKB). After electrophoresis on TBE buffer, sequencing gels were fixed, dried, and autoradiographed for 72 h. Each nucleotide was sequenced at least three times. Sequences were read and aligned with the 4.185-kb sequence of D. ambigua and the 3.535-kb sequence of D. pseudoobscura (Schaeffer and Aquadro 1987) , as they are the only two members of the obscura group whose Adh gene has been sequenced. Alignments were determined by the Sequence Analysis Software Package of the Genetics Computer Group of the University of Wisconsin (Devereux et al. 1984) . Unrooted trees were created by using the FITCH program of the PHYLIP Package (J. Felsenstein, University of Washington) based on the leastsquares distance method (Fitch and Margoliash 1967) . This program was chosen because it does not assume synchronous growth of branches, thus allowing differences in evolutionary rates between different species. In addition, the program DNABOOT of the PHYLIP Package (J. Felsenstein, University of Washington) was used in the calculation of bootstraps for the trees based on total coding sequence data. This program does not allow one to work with only silent or replacement positions.
Results
Clone Characteristics
Different positive clones were isolated after the screening of the library. Some of them carried the functional Adh gene, whereas the remainder shared the conventional features of retrosequences (also called retroposons) bearing the Adh coding region (authors' unpublished data). Restriction analysis of the functional Adh clones revealed polymorphic restriction sites possibly due to insertion/deletion events (data not shown). The cytological location of sequences homologous to Adh on polytene chromosomes in Drosophila subobscura has been reported elsewhere (Visa et al. 199 1) .
Sequence Comparison of _4dh Coding Regions
A total of 3,980 bp of the genomic region containing Adh and Adh-dup was sequenced in D. subobscura ( fig. 1 ) and then was aligned with the homologous region of D. ambigua (Ma&any and Gonzalez-Duarte 199 1) and D. pseudoobscura (Schaeffer and Aquadro 1987 ) .
The positions of the D. subobscura Adh adult and larval promoters, the proposed leaders, the transcriptional start sites, and the polyadenylation signal were determined by homology with the sequences compared. Length differences were observed in the adult and larval leaders of the three species. Drosophila subobscura leaders resembled D. ambigua not only in length but also in their position, although coding-sequence similarity was greater between D. subobscura and D. pseudoobscura (table 1) . However, the overall structural comparison of the leaders of the three species showed that some of the regions were well conserved, while others shared only reduced similarity. Variation in length was observed in the intron regions: for instance, some insertion/deletion events were clearly detected in the adult intron, but functional sequences, such as consensus donor and acceptor splice sites, appeared to be highly conserved.
The Adh coding sequence aligned perfectly among the species compared, as would have been observed with the melanogaster group species, were it not for a deletion comprising six nucleotides corresponding to the third and fourth amino acids of the protein. This deletion constitutes a constant feature of the obscura group. The Adh coding region has accumulated 72 nucleotide differences since the divergence of D. subobscura and D. ambigua and has accumulated 68 between D. subobscura and D. pseudoobscura. These substitutions were not randomly distributed in any codon position, as it was evident that most of them affected the third nucleotide (table 2) . A test for the expected random ratio 1: 1 of A+T/G+C of these differences showed a significant deviation (D. subobscura vs. D. ambigua-x2 = 6.91, df = 1 and P < 0.01; D. subobscura vs. D. pseudoobscura-x2 = 6.43, df = 1 and P < 0.02). As coding bias toward G+C is 266 Marfany and Gonzalez-Duarte clearly observed in the Adh gene of the Sophophoru species analyzed to date (Starmer and Sullivan 1989) , D. subobscura Adh stands out among them for having a lower G+C content (table 2) . Nucleotide substitutions that do not cause amino acid replacements are synonymous or silent, and thus they are expected to be more frequent than the rest. The number of potentially silent sites is different for each coding sequence, and for D. subobscura Adh it was 27.9% (2 13.1 of 765 nucleotide sites) (table 1) . But, according Drosophila subobscura Adh Region Markers 261 Considering the potential replacement sites ( 55 1.9)) we detected 15 differences (2.7%) between D. subobscura and D. ambigua and 8 differences ( 1.4%) between D. subobscura and D. pseudoobscura. These replacement differences were also randomly distributed across the three exons, whatever sequences were compared (D. subobscura vs. D. ambigua--X2 = 0.46; D. subobscura vs. D. pseudoobscura-_x2 = 0.40; in both cases, df = 2 and P > 0.7). Between D. subobscura and D. ambigua 12 amino acid replacements, 10 of them conservative, were produced by the 15 nucleotide differences, whereas between D. subobscura and D. pseudoobscura 7 amino acid replacements, all of them conservative, were involved (according to Feng et al.'s [ 19851 scale) . None of the essential amino acids predicted for ADH (alcohol dehydrogenase) function (four glycines and one aspartic acid; Benyajati et al. 1981; Duester et al. 1986 ) has been replaced, and the ADH protein of the three species shared extensive structural similarity, as could have been predicted from biochemical data (Hembndez et al. 1988) .
Replacement substitutions deviated from random distribution across the three exons when the obscura species (Schaeffer and Aquadro 1987; Marfany and GonzilezDuarte 199 1) were compared with D. mauritiana, a representative member of the melanogaster group. This deviation was not present in comparisons among other Drosophila species (Sullivan et al. 1990) . Amino acid replacements between D. mauritiana and any obscura subgroup species are boxed in figure 1. Most replacements were clustered in the third Adh exon.
Analysis of noncoding regions defined some conserved sequence motifs. Whether they play a role in the regulation of the expression of this gene remains to be tested. a The effective number of silent sites for a gene depends on its amino acid composition. It is calculated as the percentage of the potentially silent sites (possible substitutions that would not lead to an amino acid replacement) out of the total coding nucleotides (Holmquist et al. 1972 ). Insertions and deletions are oversimplified to one single event.
b Estimated as d = -3/4 In( l-4p/3), where p is the proportion of nucleotide sites that differ between two sequences (Jukcs and Cantor 1969 
Adh-dup (3'ORF) Sequence Analysis
Downstream from Adh and adjacent to it, an ORF (open reading frame) sequence, the Adh-dup, already described in some Sophophora species, (Schaeffer and Aquadro 1987; Cohn and Moore 1988; Marfany and Gonzalez-Duarte 1991) was detected. It shares considerable structural similarity with Adh. The main features of this gene were strongly conserved in all the species analyzed, including D. subobscura. It contained three exons and had all the transcriptional and translational regulation signals of an expressed gene: a CCAAT and a TATA box, splicing consensus sequences, and a polyadenylation signal, all of them located in the expected positions ( fig. 1) . The sequence evolution of this potential gene was analyzed in a way similar to that used for Adh.
Comparison between the Adh-dup of D. subobscura and those of D. ambigua and D. pseudoobscura showed considerable similarity in the first two exons, but in the third exon there were considerable length differences, because of a different location of the STOP codon, which would account for the different number of amino acids in the protein: 279 for D. subobscura, 28 1 for D. ambigua, and 278 for D. pseudoobscura (273 amino acids for D. mauritiana and its sibling species). The C-terminal region of the 3'ORF presented increased variability which was reflected in the number of coding nucleotides, in the amino acid sequence, and in the variation of the STOP codon position.
The pattern of nucleotide substitutions resembled that of the Ad/z gene. The putative coding region had accumulated a total of 97 differences since the divergence of D. subobscura and D. ambigua, and there were 64 differences between D. subobscura and D. pseudoobscura. These differences were not randomly distributed among the three positions of a codon; they tended to accumulate significantly in the third position (D. subobscura vs. D. ambigua--X2 = 73.84; D. subobscura vs. D. pseudoobscurax2 = 36.55; in each case, df = 2 and P < 0.0001). The ratio of transitions to transversions was close to 1: 1, as was found when the Adh gene was analyzed, it deviated significantly from the random ratio of 1:2 (D. subobscura vs. D. ambigua-X2 = 18.02; D. subobscura vs. D. pseudoobscura-_x ' = 17.37; in both cases, df = 1 and P < 0.000 1) . Nucleotide differences of D. subobscura Adh-dup which affect the third codon position with fourfold degeneracy increased the A+T content of the coding sequence so that, compared with those of other species, this gene showed the lowest codon bias (table 2 ) .
For this gene in D. subobscura (table 1)) 26.1% (2 19.0) of the 840 coding nucleotides were effectively silent. Because of the variable length of the third exon, the number of coding nucleotides varied with species. So, when D. subobscura was compared with D. pseudoobscura, the number of effectively silent sites was 217.3 (26.0%) of 837 coding nucleotides. The number of effectively silent-site differences was higher for D. subobscura versus D. ambigua (77 nucleotides, or 35.2% of the total number of effectively silent sites) than for D. subobscura versus D. pseudoobscura (48 nucleotides, or 22.1%). Silent-site substitutions did not significantly deviate from random distribution among the three exons, either when the comparison was D. subobscura versus D. ambigua (x2 = 3.93) or when it was D. subobscura versus D. pseudoobscura (x2 = 3.65) in both cases, df = 2 and P > 0.1). Conversely, replacement substitutions clearly showed a significant deviation, whatever species was compared (D. subobscura vs. D. ambigua-x2 = 16.4 1, df = 2 and P c 0.001; D. subobscura vs. D. pseudoobscura-_x2 = 8.31, df = 2 and P < 0.02). In particular, the first and second exons seemed to present a considerable constraint for replacement substitutions, while the third exon showed a great accumulation.
Alignment of the protein sequences of the Adh-dup showed 15 replaced amino acids between D. subobscura and D. ambigua and showed 13 replaced amino acids between D. subobscura and D. pseudoobscura. Most of these replacements were conservative. In contrast to the results for the Adh sequence, the Adh-dup amino acid replacements between the melanogaster-group representative (D. mauritiana) and any of the obscura species ( fig. 2) were distributed randomly across the three exons (~'=0.02,df=2andP>0.99).
Discussion
Molecular data are needed to determine evolutionary pathways and phylogenetic relationships among Drosophila species. Our aim has been to obtain more information on the genome evolution of three species of the obscura group: D. subobscura, D. ambigua, and D. pseudoobscura. To this end, a 4-kb region containing the Adh gene and the Adh-dup sequence has been analyzed in detail. A very recent report cited studies which demonstrate that Adh-dup is transcribed (Kreitman and Hudson 199 1) . This species was chosen as a representative member of the melanogaster subgroup because more sequence data 3' of the A&I gene were available when our results were analyzed. A, Distance matrices. Matrices were constructed by considering total, silent, or replacement substitutions among all the species for Adh or the Adh-dup coding sequences, but only those matrices obtained with total substitutions are depicted here. Numbers indicate the bootstraps obtained for each branching ( 100 trees) when the whole coding sequence of the genes is considered B, Tree based on total replacement substitutions of
Adh-dup.
Furthermore, its great sequence conservation in the Sophophoru species, where it was originally described (Schaeffer and Aquadro 1987; Cohn and Moore 1988; Marfany and Gonzalez-Duarte 199 1) ) together with its many silent nucleotide substitutions, suggest that the Adh-dup could be a functional gene.
Nucleotide substitutions in exon and intron sites among either the Adh gene or the Adh-dup of D. subobscura, D. ambigua, and D. pseudoobscura show the expected pattern. Coding regions considered as a whole are more conserved than are noncoding regions, although when silent substitutions are considered they are found to have occurred with a higher frequency than have substitutions in noncoding regions (table  1) . These results should be viewed cautiously, as deletions/inversions in noncoding regions are difficult to evaluate and could introduce undetectable errors. When the Adh coding sequences of D. subobscura and D. ambigua are considered, these two species appear to have diverged more than have D. subobscura and D. pseudoobscura. This trend is even more noticeable when the Adh-dup sequences are analyzed. Nevertheless, in noncoding regions the reverse seems to be true, and, as already mentioned, insertion/deletion events could introduce errors. The accumulation of nucleotide substitutions in the third-codon position of Adh and Adh-dup as well as the deviated ratio of transitions to transversions, is consistent with the high frequency of silent substitutions. Substitutions in the third position of a codon, particularly when they are transitions, are frequently silent. If we assume that transversions would occur twice as often as do transitions and that selection removes most amino acid replacements, then the final frequency of transitions will be greater than that of transversions.
Nucleotide differences affecting the third-codon position in D. subobscura (data not shown) led to an enrichment of A+T base composition. This trend is clearly detected when the third-codon position with fourfold degeneracy is analyzed (table 2) . A recent analysis on third-codon positions has been reported for all the Drosophila Adh sequences determined to date (Starmer and Sullivan 1989) ; the G+C value for all Sophophora species is -80%. Drosophila subobscura, in contrast, showed a decreased G+C value of 68.7%, which is much closer to that of the distantly related repleta group than to that of its close relatives in its own group. That this also happens in other genes is supported by our data with the Adh-dup sequence, and so it may be a reasonably common feature of the D. subobscura genome. Nevertheless, it has been proposed that this tendency would not be favored by selection, as synonymous substitutions giving rise to A and T seem to be selected against (Ticher and Graur 1989) . Whether this peculiarity in D. subobscura is a consequence of convergent evolution, genetic drift, or shifted codon usage because of different tRNA availability remains to be elucidated.
Analysis of the frequency, type, and distribution of substitutions shows that Adh and Adh-dup are evolving with different patterns, in agreement with other reports on several genes (Martinez-Cruzado et al. 1988; Sharp and Li 1989) . All types of substitutions in the Adh coding sequence, as well as silent nucleotide substitutions in the Adh-dup, were randomly distributed among the three exons, whatever sequence was compared. Conversely, replacement substitutions in the Adh-dup sequence showed a strong deviation from random distribution, and most of them were clustered in the third exon. When D. mauritiana (or any melanogaster-group species) is compared with the obscura species, nonrandom replacement substitutions are mostly located in the third exon of the Adh gene, whereas in Adh-dup all types of substitutions are randomly distributed . This result is also supported at the protein level, as revealed by cross-reactivity assays with one monoclonal antibody specific for the C-terminal domain of D. melanogaster ADH: positive reaction is observed with all the melanogaster-group species, while ADH from the obscura species is not detectable (J. Fibla and R. Gonzalez-Duarte, unpublished data) .
All these results taken together suggest that selective constraints differ in these two genes, which are located in the same genomic region. Furthermore, these selective constraints have varied, over time, to produce a specific evolutionary pattern, as deduced by the differences in the distribution and type of nucleotide substitutions among the species. The third exon of Adh is the region of the two genes that has nonrandomly accumulated the most differences during the divergence of the melanogaster and obscura groups, whereas within the obscura-group radiation the third exon of the Adhdup stands out as being the most affected. Some attempts have been made to explain differences in the frequency and distribution of substitutions (Perler et al. 1980; Gillespie 1984; Palumbi 1989) and to illustrate the fact that a particular sequence can undergo variable substitution rates during evolution. Indeed, at specific periods in the course of speciation, some genomic regions could accumulate more replacement substitutions than do others, but the rate of amino acid replacement must have a limit if functionality is to be preserved. If this does not happen, new functions would appear, as is the case when gene duplication occurs. These sequences can be particularly useful to evaluate evolutionary relationships in definite periods of time and constitute outstanding candidates for evolutionary hallmarks (Perler et al. 1980) . In a similar way, replacement substitutions in the third exon of Adh could constitute a satisfactory marker for the melanogaster-obscura radiation, while these replacements in the third exon of Adh-dup could be used as a marker within the obscura-group speciation.
Adh-dup has great structural similarity to Adh (table 2 ) , as has already been observed. This similarity is reflected at the nucleotide level, 48.2% identity, significantly 214 Ma&any and Gonzilez-Duarte deviating from the expected random value of 25% (x2 = 287.1, df = 1 and P < O.OOOt ) and at the amino acid level, with 36.6% identity, versus a random value of 6.1% (x2 = 412.7, df = 1 and P < 0.0001). As more data are made available, it becomes increasingly likely that.both genes have diverged from an ancient precursor. Estimates for this duplication event give values of -130 Myr, if one assumes that the obsntru group undergoes a divergence rate of 0.4% base substitutions/Myr (C&cone and Powell 1990 ). This estimate is only an approximation, but it makes it plausible that A&-dup was present in many, if not all, Drosophila radiations (Schaeffer and Aquadro 1987; R. Albalat and R. GonzZtlez-Duarte, unpublished data). Gene duplication events are not rare in the evolution of Drosophila. They involve not only the Adh region (Oakeshott et al. 1982; Batterham et al. 1984; Fisher and Maniatis 1985; Atkinson et al. 1988 ) but also other genes Levy et al. 1985; Bewley et al. 1989; Takano et al. 1989; Brown et al. 1990 ) and yield a wealth of new raw material for selection or neutral drift.
In summary, the essential features of the D. subobscura Adh region are (a) a lower nucleotide substitution rate for Adh-dup than for Adh, in the comparison of D. subobscura with D. pseudoobscura, in clear contrast to what is observed in other species comparisons; (b) a higher percentage of A+T content in the third-codon position, which points to Adh and Adh-dup as being less codon biased than in other species and; (c) a higher similarity of the Adh and Adh-dup coding sequences with those in D. pseudoobscuru, while noncoding regions are more similar to those in D. ambigua. These differences should be viewed cautiously, as they may not be statistically significant; and evolutionary trees based on them are thus open to question ( fig. 2) .
Our data supply more information for the phylogenetic location of D. ambigua, a paleoarctic species with a controversial position. The trees based on total substitutions locate D. subobscura nearer to D. pseudoobscuru than to D. ambiguu, a result which is in accordance with previous reports (Goddard et al. 1990 ). Indeed, bootstrap values seem to support a closer relationship for D. pseudoobscura and D. subobscura when the Adh coding sequence data are used, although this is not that obvious when the Adh-dup coding sequence is considered. On the other hand, the use of statistically significant interspecific differences overcomes the ambiguities generated in overall sequence comparisons. Replacement substitutions in the Adh-dup gene are not randomly distributed along the coding sequence, and that is why they could be particularly valuable in establishing phylogenetic relationships in our species. When these substitutions are considered, D. subobscuru appears nearer to D. umbiguu than to D. pseudoobscura ( fig. 2) ) a finding in agreement with the results obtained with mitochondrial DNA (Gonzalez et al. 1990) . At the same time, D. umbigua appears to have diverged faster within the obscuru subgroup, and this would explain the D. umbigua position obtained by scDNA divergence analysis (Goddard et al. 1990) . Our contribution, which uses the Adh-dup replacement substitutions as an evolutionary marker, illustrates that a rapidly diverging species, such as D. ambiguu could distort its phylogeny, which would make it appear more distantly related to other species than it really is.
The molecular analysis of the Adh region of D. subobscura has supplied relevant information on the evolutionary features of this species. From our data, it can be inferred that ( 1) the Adh and the Adh-dup genes show different selective constraints, (2) the evolution of the Adh and the Adh-dup genes is species specific, and (3) a particular gene or even a specific coding region may be under variable evolutionary constraints, yielding different nucleotide substitution rates and different distribution of these substitutions. These sequences are excellent genetic markers for evolutionary studies.
Sequence Availability
Accession numbers for sequence data in GenBankbEMBL Data Library are as follows: Drosophila subobscura, M55545; and D. arnbigua, X548 13.
